Introduction

34
A current view among fisheries ecologists is that the effect of fishing exploitation on the population 35 dynamics of harvested species cannot be separated from that of the environmental variability (Perry 36 et al., 2010; Planque et al., 2010) . These interacting effects between fishing and climate trigger a 37 variety of complex and often unpredictable biological responses. For instance, fishing exploitation 38 may magnify the response of populations to environmental fluctuations by means of changes in 39 demographic parameters, such as growth rate, that increase the instability of the population 40 dynamics (e.g. Anderson et al., 2008; Hsieh et al., 2006) . In addition, the demographic structure 41 erosion makes populations more dependent to the recruitment strength and tightens the link 42 between population and environmental variability Botsford et al., 2011; 43 Hidalgo et al., 2011) . These evidences call for a more comprehensive management approach 44 accounting for the combined effects of fishing and environment on the ecological processes and the 45 population regulatory mechanisms. 46
Growing evidence from historical time series analysis shows that climate can trigger large 47 fluctuations in marine populations in absence of fishing pressure, which has been mainly described 48 for large and small pelagic species (Ravier and Fromentin, 2001 ; Baumgartner et al., 1992) . 49 However, the relationship between climate oscillations and fish populations has been demonstrated 50 to be transitory, mainly because of the non-stationary link between climate oscillations and the 51 regional-scale hydrography (Hsieh et al., 2009 ). In addition, natural populations can also 52 fluctuate irrespective of the environmental scenario (i.e., relative contributions of low and 53 high frequencies in the spectrum) because age-structure can act as a filter of the 54 environmental forcing (Bjornstad et al., 2004) . Thus, depending on the species life cycle and life 55 history traits, recruitment signal spreads among age classes shaping the population fluctuations, 56 which finally results from a complex interplay between deterministic and stochastic processes 57 (Bjornstad and Grenfell, 2001 ). Most studies investigating how fishing affects this interplay 58 focused on stock-specific case studies (but see CalCOFI database related studies, e.g, Anderson et 59 al., 2008; Hsieh et al., 2006) . However, fishing quite often harvests several species with a 60 of the HP of all the vessels working during that month weighted by the permitted time at sea 113 (number of days per week and hours per day); the annual fishing effort (HP·y -1 ) was 114 subsequently calculated adding the monthly values. Previous to these calculations, however, we 115 demonstrated that landings and effort acted proportionally during the time series analysed, which is 116 a required property if effort has to be summed for the entire fleet (Fig. 1) . 117
In order to determine the influence of the climate on the population dynamics of the six 118 stocks, we investigated three climatic indices of increasing spatial scale. The mesoscale (regional) 119 IDEA index is a proxy of the hydroclimate in the north-western (Monserrat et al. 2008) . IDEA 120 index is based on the air/sea heat fluxes in the Gulf of Lion during winter months was used as a 121 proxy for the strength of the current in the northwest Mediterranean Sea (Monserrat et al. 2008) . Lion; this implies a larger presence of these water masses in the Balearic Sea during spring. The 125
North Atlantic Oscillation (NAO) index, which is described as an out-of-phase behaviour between 126 the climatological low-pressure centre near Iceland and the high-pressure centre near the Azores, 127 was used as a proxy of the North Atlantic climate (Hurrell 1995). We used the winter average 128 (December-March) of the NAO index (www.cru.uea.ac.uk/cru/data/nao.htm) because its influence 129 in the Atlantic is higher during winter when the coupled ocean-atmosphere system is more active 130 (Hurrell 1995 
Fishing exploitation
139
To analyze the temporal variation of the fishing exploitation level throughout the study period, a 140 surplus production model was fitted to data using the ASPIC software for each selected species 141 (Prager, 2004) . In addition to the maximum sustainably yield (MSY) estimated parameters: 1) K, the stock's maximum biomass or carrying capacity; 2) MSY, the 148 maximum sustainable yield; 3) B 1 /K, the ratio of the biomass at the beginning of the first year to K; 149 and 4) q, the catchability coefficient. In the first trials, we followed the recommendations of Prager 150 (2004) to set the starting guesses for these parameters, which were then interactively adjusted 151 depending on the program outputs. The initial conditions for the MSY and K were half and ten 152 times respectively the largest catch observed for each species during the period from 1965 to 2008. 153
The starting value of the relative biomass (B 1 /K) was fixed at a range of values, as this can 154 considerably reduce variance in the estimates and is a common practice when fitting surplus 155 production models (Prager, 2004) 
was used (Bloomfield, 1976) , where ω is the frequency of the series searched for, x _ is the mean of 176 the catch data and A and B are as follows 177
where n and x t are the number of points and the value of x in time t (in months) respectively. 180
181
Climate effects 182
Climate effects on the population dynamics of the six stockswere investigated by means of 183
Generalized Additive Models (GAMs). As a previous step to the GAM analyses, which bear the 184 implicit assumption of additivity (covariates are mutually independent), we checked the lack of 185 correlation among these three climatic indices (NAO vs IDEA: R=0.099, p=0.608; NAO vs 186 ENSO: R=0.229, p=0.232; IDEA vs ENSO: R=0.136, p=0.482). To remove any possible effect of 187 fishing effort in the oscillatory behaviour, the analyses were performed using CPUEs rather than 188 landings. Furthermore, given that a decrease in the CPUEs series was observed for most species, 189 which can be explained in part by increased fishing effort, the series were detrended (Maynou, 190 2008b 
Results
213
During the period from 1965 to 2008, the bottom trawl fishery off Mallorca showed large 214 variations in the number of vessels, mean engine power and the fishing time at sea (Fig. 2) . Three 215 main phases can be distinguished in the evolution of the total fleet fishing effort over time: 1) from 216 1965 to the mid 1970s it increased by a factor of 2.5; 2) from the mid 1970s to 1994 it continued to 217 grow but at a slower rate; and 3) from 1994 to the present it has gradually decreased. Consistently 218 for all species, time series of landings showed a marked increase during the late 1970s that was 219 followed by a progressive decrease comparatively less pronounced for squid and cuttlefish (Fig. 3) . 220
Although with some exceptions, occurring mainly during the first years of the time series, annual 221
CPUEs followed the same general pattern as the landings. 222
223
Fishing exploitation
224
The evolution of the relative fishing mortality (F/F MSY ) and biomass (B/B MSY ) throughout the time 225 series showed a similar trend for all species (Fig. 4) . From the beginning of the series to the mid 226 1970s the stocks were under-exploited, since the fishing effort was lower than the fishing effort that 227 should be exerted to attain the maximum sustainable yield (F/F MSY <1); consequently, the stocks' 228 biomass was higher than the expected biomass at MSY (B/B MSY >1). All the species turned to an 229 over-exploited state (i.e., B/B MSY <1 and F/F MSY >1) around the early 1980s that continues to the 230 present day. Although estimates of exploitation status of stocks expressed in relative terms were 231 very similar for all the species studied (Supplementary Table S1), two main groups could be 232 Figure 5 , which, for clarity purposes, only shows the landings fits. As previously mentioned, the 246 most evident signal observed in the monthly series is the seasonal oscillation. This annual cycle, 247 present throughout the entire series of all species, is clearly revealed by the Fourier analysis, and 248
shows two main peaks at 12 and 6 months corresponding to the seasonal cycle and the first 249 harmonic respectively. The discrete Fourier transform and the harmonic analysis showed 250 interannual oscillations of 7 years for four out of the six species analysed (elasmobranchs, hake, 251 octopus and cuttlefish). In the case of squid and red mullet these oscillations were longer (11 and 252 15 years, respectively). 253
254
Climate effects 255
Residuals retained after removing the non-linear trend were significantly correlated in most species 256 pairs (Table 1) . Such residuals were then used in the GAM analyses to model CPUEs as a function 257 of the IDEA, NAO and ENSO indices. To determine whether the fluctuations in the population 258 dynamics were due to climate variability, we focused our analysis on the over-exploited and 259 oscillatory period . For each of the six species investigated, eight GAM models were 260 performed, corresponding to the eight lag times (0 to 7 years) considered. Model selection and 261 outputs of all these 48 models (8 lags × 6 species) are displayed in the Supplementary Table S2 , 262
whereas Table 2 shows exclusively the best model for each species. Consistent results were 263 obtained for four out of the six species (red mullet, octopus, squid and cuttlefish), whose best 264 model showed a significant positive effect of the ENSO index at a lag time of 6 years. The variance 265 explained for these four models ranged from 26 to 33%. The two remaining species only showed 266 significant effects of the NAO (hake at lag times of 2 and 5 years) and IDEA (hake and 267 elasmobranchs at lag times of 7 and 2 years, respectively) indexes. 268
269
Discussion
270
This study showed that the population dynamics of the main commercial species of the demersal 271 community off the Balearic Islands was synchronously affected by the combined effect of fishing 272 exploitation and the environment variability during the last forty-four years. Such a synchronic 273 effect was twofold. First, the fact that all the species here studied turned to over-exploited (i.e., 274 B/B MSY <1) around the early 1980s seems to be unlikely an exclusive effect of fishing. We hereafter 275 Astudillo and Caddy (1986) found a marked periodicity of 12 years in the landings of hake and red 299 mullet from the Balearic Islands, which they hypothesized to be independent of fleet activity. In the 300 same area, a periodicity of about 8 years was reported for octopus (Quetglas et al., 1998) and red 301 shrimp (Carbonell et al., 1999) . In a nearby area, however, fluctuations in red shrimp landings 302 ranged between 7 and 13 years among different ports (Maynou, 2008a) . Our results showed 303 interannual oscillations with a periodicity of 7-9 years in the last three decades for four out of the 304 six species investigated. There is increasing evidence that harvested species fluctuate more than 305 unharvested ones, which is probably due to the elevated variability of recruitment and the increased 306 sensitivity to the environmental variability resulting from the demographic truncation caused by 307 fishery exploitation (Anderson et al., 2008; Hsieh et al., 2006) . 308
To determine whether the causes of the interannual fluctuations in CPUEs were linked to 309 climatic variability, climate indices at increasing spatial scales (local, meso-, and global-scale) 310 were examined. NAO and IDEA showed significant effects on the elasmobranches and hake 311 consistent with previous studies (Massutí et al 2008) . Unexpectedly, however, our models found 312 much support for an effect of ENSO with a lag time of 6 years for four out of the six species 313 analyzed (red mullet, octopus, squid and cuttlefish). Identical responses in these four species ( Mediterranean hydroclimate is transmitted within some months (Hertig and Jacobeit, 2011), there 334 must be additional factors modulating the population fluctuations that we did not take into account 335 in our study. We suggest that internal properties of the life cycle of these species can interact with 336 the climate signal, which makes plausible potential inter-cohort and density-dependent effects 337 (Bjornstad and Grenfell, 2001 ). Favourable climatic events can produce strong annual cohorts, 338 favouring the recruitment in the consecutive years due to the relative good level of the reproductive 339 stock. This could magnify the climatic signal in the next generations and thus bring forth 340 population cycles (Tzeng et al., 2012 ) that could explain the lagged oscillatory response observed. 341
Recent studies on species with a broad demographic structure show that variability in recruitment 342 increased with fishing and became particularly sensitive to forcing at time-scales near the mean age 343 of reproduction (Botsford et al., 2011) . This is consistent with the cohort resonance effect 344 (Bjornstad et al., 2004; Bjornstad et al., 1999) and has been recently suggested for hake in the 345 Balearic Islands . Our study adds to this picture of how species of the same 346 harvested community with different life history and demographic structure cope with 347 environmental variability. Our results support that population fluctuations result from the 348 interaction of deterministic and stochastic processes (Bjornstad and Grenfell, 2001) , while the 349 relative contribution of each component depends on the life history and demographic structure of 350 the species. Hake, red mullet and elasmobranches species have a broader age structure and longer 351 life span compared to squid, cuttlefish or octopus, and thus deterministic mechanisms (e.g., internal 352 community. An intense fishing exploitation might increase the susceptibility, and therefore reduce 364 the resilience, of harvested populations to climate variability (Botsford et al., 2011) . We also 365
showed that, as a consequence of this increased susceptibility, populations might also increase their 366 sensitivity to subtle climate signals that could previously be masked by more influential factors. 367
Our study expands this conclusion to the community scale and highlights that species sensitivity to 368 climate and thus population fluctuations depend on the demographic characteristics, life history and 369 is also shown for each species considering both landings (black line) and CPUEs (grey line).
